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Background: There is increasing concern about the speed with which health care providers 
can administer prophylaxis and treatment in an influenza pandemic. Generally, it takes several 
months to manufacture an influenza vaccine by propagation of the virus in chicken eggs or 
cultured cells. Newer, faster protocols for the production of vaccines that induce broad-spectrum 
immunity are therefore highly desirable. We previously developed human monoclonal antibody 
B-l that shows broadly neutralizing activity against influenza A virus H3N2. B-l recognizes an 
epitope region that includes an antiparallel P-sheet structure underneath the receptor binding 
site of influenza hemagglutinin (HA). In this study, the efficacy of a synthetic peptide vaccine 
derived from this epitope region against influenza A was evaluated. 

Materials and methods: Two peptides were synthesized, the upper and lower peptides. 
These peptides comprise amino acid residues 167-187 and 225-241, respectively, of the B-l 
epitope region of HA, which is involved in forming the P-sheet structure. Both peptides were 
then coupled to keyhole limpet hemocyanin, and the peptides, alone or in combination, were 
used to immunize rabbits. The resulting antibody responses were examined by enzyme-linked 
immunosorbent assay. The upper peptide, but not the lower peptide, elicited antibodies that 
were reactive to HA. Interestingly, the use of both peptides together could elicit antibodies 
with a higher reactivity to HA than either peptide alone. The antibodies were found to react to 
HA at the N-terminus of the upper peptide, which is exposed at the surface of trimeric HA on 
influenza virions. 

Discussion: The higher production of HA-reactive antibodies following immunization with 
both peptides suggests that the upper peptide forms the effective epitope structure in the bind- 
ing state, and the lower peptide enhances the production of HA antibodies. This study could be 
the first step towards the development of pandemic viral vaccines that can be produced within 
short time periods. 

Keywords: influenza A, hemagglutinin, epitope, synthetic peptide, rabbit 

Introduction 

Influenza is one of the major causes of morbidity and mortality around the world. 
Influenza A viruses cause influenza, not only in humans but also in birds and some 
mammals, and transmission from animals to humans may lead to human influenza 
pandemics. Frequent minor changes in the antigenic glycoproteins hemagglutinin (HA) 
and/or neuraminidase (NA) produce new virus strains, which may be responsible for 
widespread seasonal influenza epidemics. 1 
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HA is the principal antigen for determining host 
specificity and inducing neutralizing antibodies. 2 The swine- 
origin pandemic influenza A virus (H1N1) that emerged in 
2009 was the same subtype as one of the seasonal influenza A 
viruses. Therefore, some memory immune cells were already 
present in the general human population, 3 and a significant 
neutralizing activity against the H1N1 pandemic in 2009 
was detected in human immunoglobulin (Ig)G preparations. 4 
The possible appearance of a new pandemic virus derived 
from the highly pathogenic avian influenza virus has recently 
become a major concern, and careful monitoring of the 
population is required. 5 

Currently, egg- and cell culture -based viral vaccines are 
available for influenza. The effectiveness of the vaccines is 
largely dependent on the accuracy of the predictions about the 
prevalence and spread of the circulating viral strains that are 
used to determine the vaccines' contents. The reliance on these 
predictions means that the vaccine manufacturing process 
is under a severe time constraint, because vaccines can be 
manufactured only after each year's predictions. 1 Therefore, 
novel systems for the rapid and scalable production of vac- 
cines against emerging viral strains are highly desirable, 6 and 
a number of potentially rapid methods of vaccine production 
based on synthetic peptides have been recently tested. 7 " 9 

In an earlier study, we described two human monoclonal 
antibodies, B-l and D-l, which had the ability to neutralize 
a wide range of influenza A virus H3N2 strains. 10 These anti- 
bodies were prepared using peripheral blood mononuclear 
cells from two influenza- vaccinated healthy donors. 10 Both 
of these monoclonal antibodies recognize a similar epitope 
region, which includes two highly conserved sequences that 
form an antiparallel (3-sheet structure in the HA 1 amino acid 
sequence. 1011 These two sequences - amino acid residues 
167-187 and 225-241 (using H3 numbering) - are located 
underneath the receptor binding site of HA 1 , and are hereafter 
referred to as the upper and lower peptides, respectively. This 
highly conserved epitope may provide the basis for a peptide 
vaccine that can elicit antibodies that are broadly protective 
against the influenza virus, as described previously. 1,12,13 In 
this study, we examined whether immunizing rabbits with 
the upper and/or lower peptides resulted in the production 
of antibodies that were reactive with HA. 

Materials and methods 

Reagents 

An influenza HA split vaccine (BIKEN HA; the Research 
Foundation for Microbial Diseases of Osaka University, 
Kanonji, Japan) containing A/Brisbane/5 9/2007 (H1N1), A/ 



Uruguay/7 1 6/2007 (H3N2), B/Florida/4/2006, and each HA 
antigen was used. Peptides were synthesized by the Thermo 
Fisher Scientific (Rockford IL, USA). The peptide sequences 
used in this study are shown in Figure 1 . Recombinant HA 
from A/New York/55/2004 (H3N2) was purchased from 
Protein Science Corporation (Meriden, CT, USA). It was 
expressed using the baculovirus vector system and was puri- 
fied to >90% under conditions that preserved its biological 
activity and tertiary structure (based on a Certificate of 
Analysis from the Protein Science Corporation). 

Conjugation of peptides to keyhole 
limpet hemocyanin 

Ten milligrams of keyhole limpet hemocyanin (KLH) were 
dissolved in 2 mL of 0.1 M of sodium phosphate buffer 
(pH 7.4) and mixed with 4.5 mg of the relevant peptide dis- 
solved in 900 uL of the same buffer. After 0.3 mL of 0.25% 
glutaraldehyde solution was added the mixture was gently 
mixed at room temperature overnight and then dialyzed 
against distilled water. 

Immunization of rabbits 

Immunization of the rabbits was carried out at Thermo 
Fisher Scientific. New Zealand White rabbits were immu- 
nized subcutaneously with peptides conjugated to KLH. 
There were two rabbits in each of three treatment groups, 
immunized with either: (1) the upper peptide alone (rabbits 
aU-1 and aU-2); (2) the lower peptide alone (rabbits aL-1 
and aL-2); or 3) both the upper and lower peptides (rabbits 
aU+L-1 and aU+L-2). The upper and lower peptides were 
conjugated separately to KLH and then mixed together before 
immunization. For the primary immunization, 1 mg of each 
peptide was administered with Freund's complete adjuvant. 
For booster immunizations, 0.5 mg of each peptide was 
administered with Freund's incomplete adjuvant 1 month 
after the primary immunization and then once more 2 weeks 
after that. Blood was collected 1 week after the final immu- 
nization and antisera were prepared. 

Measurement of anti-epitope peptide 
binding activity by ELISA 

The peptide, biotinylated at the N- or C-terminal amino acid 
was dissolved in SuperBlockT20 (Thermo Fisher Scientific) 
to a final concentration of 1 |ig/mL and then immobilized 
onto the wells of a 96-well streptavidin precoated plate (Nunc 
A/S, Roskilde, Denmark) via biotin-streptavidin binding. 
After incubating for 30 minutes at room temperature, the 
enzyme-linked immunosorbent assay (ELISA) plates were 
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Figure I Schematic of the influenza HA epitope region and peptide sequences from the current study. 

Notes: The position of the upper and lower peptides in the primary sequence of HA I and their amino acid sequences are indicated. F\ E\ and R (A). Overlapping 15-mer 
peptides derived from the upper (U-A, U-B, U-C, and U-D) and lower (L-A and L-B) regions that were used to examine antibody specificity (B). Image of the HA molecule 
showing the position of the upper (red) and lower (green) epitope peptide regions (C). The images were created by PyMol (DeLano Science) using the HA structure obtained 
from the Protein Data Bank.' 4 The monomer HA was created using accession number 2VIU, described by Fleury et al, and the trimer HA was created using accession 
number I HGI, described by Sauter et al. 14 The upper and lower peptides form an antiparallel [3-sheet structure. Large portions of the N-terminus of the upper peptide and 
the C-terminus of the lower peptide are exposed on the surface underneath the receptor binding site, and small portions of the C-terminus of the upper peptide and the 
N-terminus of the lower peptide are exposed on the surface near the receptor binding site. 

Abbreviations: F', fusion peptide subdomain; E', vestigial enzyme subdomain; R, receptor binding subdomain; HA, influenza hemagglutinin; N, N-terminal portion of the 
peptide; C, C-terminal portion of the peptide. 



flicked out and the wells were blocked with 3% skim milk 
in phosphate buffered saline (PBS) at room temperature 
for at least 1 hour. The antisera were diluted serially from 
1 : 1 ,000 to 1 : 125,000 in PBS containing 3% skim milk. The 
wells were washed three times with distilled water and then 
incubated with the diluted antisera for 1.5 hours at room 
temperature. The wells were washed with PBS containing 
0.05% Tween-20, and incubated with 50 llL of peroxidase- 
conjugated antirabbit IgG (Beckman Coulter, Inc, Brea, 
CA, USA) diluted with SuperBlock T20 for 1 hour at room 
temperature. The wells were washed with PBS containing 
0.05% Tween-20, then 100 uL of substrate (Sumitomo 
Bakelite Co, Ltd, Tokyo, Japan) was added, and the plate was 
incubated for 20 minutes at room temperature. Stop solution 
(100 LiL/well; Sumitomo Bakelite Co, Ltd) was added and 
the absorbance was measured at 490 nm. 

Measurement of binding specificity 
of antipeptide antibodies by ELISA 

The influenza HA vaccine preparation was diluted 30-fold 
with PBS. Overlapping 15-mer peptides were diluted to 



10 Lig/mL, and recombinant HA protein was diluted to 
1 Lig/mL with PBS. Fifty microliters of these antigens were 
added to wells of a 96-well Maxisorp microplate (Nunc A/S). 
Plates were incubated at 5°C overnight, and were then 
flicked out. Thereafter, the assay was carried out as for the 
measurement of anti-epitope peptide binding activity, as 
described above. The antisera were serially diluted from 
1:1,000 to 1:25,000 for the HA binding assay, or they were 
diluted to 1 : 1 ,000 for the 1 5-mer peptide binding assay. The 
affinity-purified antibodies were diluted to 1 Lig/mL in PBS 
containing 3% skim milk. 

Affinity purification of antipeptide 
antibodies with peptide immobilized 
at the N- or C-terminus 

The peptide, biotinylated at the N- or C-terminal amino 
acid (0.75 mg), was immobilized to 1 mL of streptavidin 
Sepharose (GE Healthcare UK Ltd, Little Chalfont, UK) via 
biotin-streptavidin binding according to the manufacturer's 
recommended protocol, then loaded onto a column, and 
washed with PBS. Rabbit antisera (10 mL) were applied 
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to the columns, which were then washed with PBS. The 
bound antibodies were eluted with 0.1 M glycine-HCl 
(pH 2.5) and immediately neutralized with a 1:10 volume 
of 1 MTris-HCl (pH 9.0). Eluted antibodies were dialyzed 
against PBS. 

Evaluation of anti-HA binding activity 
by immunoblotting 

BIKEN HA vaccine antigens were subjected to sodium 
dodecyl sulfate polyacrylamide gel electrophoresis 
(Novex®NuPAGE® SDS-PAGE Gel System; Life Technolo- 
gies) under reducing conditions alongside the SeeBlue Plus 
prestained standard (Life Technologies, Carlsbad CA, USA). 
The HA vaccine antigens (0.16 mg/mL to 0. 1 8 mg/mL) were 
mixed with lithium dodecyl sulfate sample buffer and reduc- 
ing agent (Life Technologies) according to the manufacturer's 
instructions and boiled at 70°C for 10 minutes. Fractionated 
proteins were transferred to iBlot Regular Transfer Stacks 
(Life Technologies), blocked with 5% skim milk in Tris- 
buffered saline containing 0.05% Tween-20, and probed 
with 1 |lg/mL or 5 |lg/mL of rabbit IgG purified from the 
antisera of rabbits immunized with the upper peptide, or both 
the upper and lower peptides using a protein G Sepharose 
column (GE Healthcare Bio-Sciences AB). Binding ability 
was detected by chemiluminescence following incubation 
with a peroxidase-conjugated goat antirabbit IgG antibody 
(Beckman Coulter, Inc) and SuperSignal™ West Pico 
Chemiluminescent Substrate (Thermo Fisher Scientific) 
for 5 minutes. Membranes were exposed to X-ray film for 
10 seconds and images were developed. 

Virus neutralization test 

The virus neutralization (VN) test was carried out as 
described previously. 15 Briefly, the antisera were treated with 
a receptor-destroying enzyme, resulting in a tenfold reduc- 
tion in concentration. The antisera were then mixed with 
100 focus-forming units of influenza virus (final volume: 
50 |iL) and applied to Madin-Darby canine kidney cells in 
a 96-well microtiter plate. After culturing for 6 hours, the 
cells were fixed with ethanol and stained by the peroxidase- 
antiperoxidase staining method. 

Animal ethics 

After approval by the Ethics Committee at the Thermo Fisher 
Scientific, the immunization of rabbits was performed fol- 
lowing the recommendations of the Institute of Laboratory 
Animal Resources, Commission on Life Sciences, National 
Research Council 16 at Thermo Fisher Scientific. 



Results 

Rabbits were immunized with synthetic polypeptides cor- 
responding to two highly conserved sequences spanning 
residues of 167-187 and 225-241 (the upper peptide and 
lower peptide, respectively) of the H3-type HA1, which 
includes the B-l epitope region. Those two peptides form an 
antiparallel (3-sheet structure in the HA molecule. According 
to a known crystal structure, a large portion of the N-terminus 
of the upper peptide (residues 167-175) and a small portion 
of the C-terminus ofthe lower peptide (residues 238-241) are 
observed to be exposed on the surface of the HA molecule 
underneath the receptor binding site, and small portions of 
the C-terminus of the upper peptide (residues 186-187) and 
the N-terminus of the lower peptide (residues 225-228) are 
exposed (Figure 1). Residues exposed to the surface were 
estimated from surface image of HA created by PyMol. Rab- 
bits were immunized either with the upper peptide, the lower 
peptide, or a mixture of the two, and antisera were obtained. 
Using these antisera, the immune responses to the immunized 
peptide, the binding of elicited antibodies to HA, and the 
ability of the peptides to induce neutralizing antibodies to 
the influenza virus were investigated. 

Antibody responses to upper 
and lower peptides 

The antiserum from each immunized rabbit was examined for 
its reactivity against the same peptide used as the immunogen 
(Figure 2). The upper peptide showed strong reactivity with 
antisera from rabbits immunized with the upper peptide alone 
(aU) (Figure 2A and E) or with both the upper and lower 
peptides (aU+L) (Figure 2B and F). The binding of both the 
aU and the aU+L antisera to the upper peptide immobilized 
at the N-terminus (Figure 2A and 2B) was stronger than to 
the upper peptide immobilized at the C-terminus (Figure 2E 
and F). The reactivity of the aU+L antisera to the peptide 
immobilized at the C-terminus (Figure 2F) was stronger 
than that of the aU antisera (Figure 2E). In comparison, the 
lower peptide induced only weak antibody responses (aL). 
The aL and aU+L antisera showed low reactivity to the lower 
peptide immobilized at the N-terminus (Figure 2C and D) 
and no reactivity to the lower peptide immobilized at the 
C-terminus (Figure 2G and H). 

Binding ability to HA 

Next, the reactivity of each serum and affinity purified anti- 
body with the HA vaccine preparation (Figures 3 and 4) and 
with recombinant HA (Figure 5) were examined by ELISA. 
The antisera from both aU+L rabbits showed strong antibody 
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Figure 2 Binding activity of different rabbit antisera to epitope peptides, as determined by ELISA. 

Notes: N-terminally biotinylated upper peptide (A and B); N-terminally biotinylated lower peptide (C and D); C-terminally biotinylated upper peptide (E and F); and 
C-terminally biotinylated lower peptide {G and H) were immobilized via biotin-streptavidin binding onto an ELISA plate that was precoated with streptavidin. The antisera 
were serially diluted from 1 : 1 ,000 to I : I 25,000. Rabbits immunized are designated as aU- 1 , aU-2, al_- 1 , aL-2, aU+L- 1 , and aU+L-2. Individual rabbits are indicated by "- 1 " and 
"-2." Experiments were carried out in duplicate, and the results are presented as means. 

Abbreviations: aU, rabbit immunized with upper peptide alone; pre, serum harvested from each rabbit prior to immunization; n, number; aU+L, rabbit immunized with both 
the upper and lower peptides; aL, rabbit immunized with lower peptide alone; ELISA, enzyme-linked immunosorbent assay. 




Figure 3 Binding ability of different rabbit antisera to HA, determined by ELISA and immunoblotting. 

Notes: The HA vaccine preparation was used as coating antigen for an ELISA. The rabbit antisera were diluted serially from 1:1,000 to 1:25,000. Experiments were 
carried out in duplicate and results are presented as means (A, B, and C). For immunoblotting, different influenza HA vaccine antigens were subjected to SDS-PAGE, and 
immunoglobulin G purified with Protein-G® Sepharose {GE Healthcare UK Ltd, Little Chalfont, UK) from the antisera of rabbits aU-1, aU+L-1, and aU+L-2 was used as the 
probe at a concentration of I P-g/mL or 5 |J.g/mL. Individual rabbits are indicated by "- 1 " and "-2." The designations " X I ," " x2," and " x4" indicate that samples were loaded 
onto the gel at a one-, two-, or four-fold dilution. 

Abbreviations: n, number; aU, rabbit immunized with upper peptide alone; pre, serum harvested from each rabbit prior to immunization; aL, rabbit immunized with lower 
peptide alone; aU+L, rabbit immunized with both the upper and lower peptides; Bri, influenza hemagglutinin vaccine antigen derived from A/Brisbane/59/2007 (H INI); Urg, 
influenza hemagglutinin vaccine antigen derived from A/Uruguay/7 1 6/2007 (H3N2); Flo, influenza hemagglutinin vaccine antigen derived from B/Florida/4/2006; HA, influenza 
hemagglutinin; ELISA, enzyme-linked immunosorbent assay; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis. 
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responses with the HA vaccine and recombinant HA. A simi- 
larly strong antibody response to the HA vaccine was detected 
in antiserum from one aU rabbit. Both antisera from the aU 
rabbits showed a weak binding ability to recombinant HA 
compared with the antisera from the aU+L rabbits. In the aL 
rabbits, no clear antibody responses to the HA vaccine or the 
recombinant HA were detected (Figures 3A-C and 5A). 

The ability of the total IgG generated in immunized 
rabbits to bind the HA vaccine was further investigated by 
immunoblotting (Figure 3D). IgG that was purified with 
Protein G Sepharose® (GE Healthcare UK Ltd) from anti- 
HA ELISA-positive sera (ie, from rabbits aU- 1 , aU+L- 1 , and 
aU+L-2 in Figure 3A and C) showed clear reactivity to HA 
vaccine antigens derived from the H3N2 strain, but did not 
react to the other HA serotypes tested. IgG in antiserum from 
rabbit aL-1, which showed faint binding to the HA vaccine 
by ELISA, did not show any reactivity to HA antigens by 
immunoblotting, even at an increased concentration (10 ug/ 
mL) (data not shown). 

The ability of affinity-purified antipeptide antibodies 
recognizing the N-terminal or C-terminal region of the upper 
peptide (produced by affinity-purifying antisera with upper 
peptides immobilized to Sepharose at the C- or N-terminus) 
to bind to the HA vaccine (Figure 4A and B) and recombinant 
HA (Figure 5B) was also examined. There was no apparent 
difference in the reactivity of HA vaccine with the antibod- 
ies recognizing the N-terminal region of the upper peptide 
(upper-N) in aU or aU+L rabbits (Figure 4B); however, the 
antibody recognizing the C-terminal region of the upper 
peptide (upper-C) in one aU+L rabbit reacted more strongly 
to the HA vaccine than the other antibodies (Figure 4A). 
Antibodies recognizing upper-N from aU and aU+L rabbits 
showed a greater reactivity to the HA vaccine and recombinant 



HA compared to those recognizing upper-C. However, anti- 
sera from aL-1, aU+L-1, and aU+L-2 rabbits showed weak 
reactivity to the lower peptide immobilized at N-terminus 
(Figure 2C and D), the antibodies from the same rabbits that 
were affinity-purified with the lower peptide immobilized at 
the N-terminus showed no reactivity by HA vaccine ELISA 
(Figure 4C). While antibodies recognizing upper-N and 
upper-C from both aU+L rabbits reacted to recombinant HA 
definitely, antibodies recognizing upper-N from one aU rabbit 
reacted to it clearly, and the other one showed faint reactivity 
(Figure 5B). 

Specificity of antipeptide responses 

The antibody-binding specificities of antisera from the 
aU, aL, and aU+L rabbits were examined by ELISA on 
plates precoated with 15-mer peptides within the upper 
and lower peptide regions (U-A to U-D; L-A, and L-B) 
(Figures IB and 6). Antisera from aU and aU+L rabbits 
reacted strongly to the C-terminus of the upper peptide (U-D; 
amino acid residues 173-187 using H3 numbering). The 
antisera from aU+L rabbits also showed some reactivity to 
15-mer peptides from the N-terminus of the upper peptide 
(U-A and U-B), whereas antisera from aU rabbits showed 
a faint or no reactivity to those peptides. The antisera from 
both aU+L rabbits and one aL rabbit reacted faintly to 1 5-mer 
peptides from the C-terminus (L-B) of the lower peptide. 

VN test 

Antisera treated with a receptor-destroying enzyme were 
tested for neutralization activity against influenza virus AJ 
Hiroshima/52/2005 (H3N2). Since the nonspecific neutral- 
izing activity of sera obtained prior to immunization was 
strong, it was difficult to quantitatively evaluate the effect 
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Figure 4 Binding abilities of antibodies affinity-purified with peptides to the HA vaccine, as determined by ELISA. 

Notes: Antipeptide antibodies were purified by affinity binding with upper peptide immobilized on Sepharose via its N-terminus (A) or C-terminus (B), or with lower peptide 
immobilized on Sepharose via its N-terminus (C). Antibodies were diluted from 1 0 plg/mL to 0. 1 fig/mL. Individual rabbits are indicated by "- 1 " and "-2." Experiments were 
carried out in duplicate and results are presented as means. Normal IgG was purified from commercial normal rabbit serum (CEDARLANE, Burlington, ON, Canada) with 
Protein G Sepharose® (GE Healthcare UK Ltd, Little Chalfont, UK). 

Abbreviations: aU, rabbit immunized with upper peptide alone; aU+L, rabbit immunized with both the upper and lower peptides; IgG, immunoglobulin G; n, number; aL, 
rabbit immunized with lower peptide alone; HA, influenza hemagglutinin; ELISA, enzyme-linked immunosorbent assay. 
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of immunization on viral neutralization activity. Certainly, 
with our present protocol using rabbit sera, no discernible 
difference between antisera and preimmunization sera was 
observed (data not shown). 

Discussion 

The upper peptide derived from the (3-sheet structure under- 
neath the HA1 receptor binding site of the influenza A virus 
H3N2 was highly immunogenic and resulted in the produc- 
tion of antibodies that reacted to HA; conversely, the lower 
peptide, which was derived from the same structure, was not 
immunogenic. However, the antibody response elicited by 
immunization with a mixture of upper and lower peptides was 
much stronger than that with the upper peptide alone. 

As shown in Figure 1C, a large part of the N-terminus 
of the upper peptide is exposed on the surface of HA trim- 
ers on virions, so it was hypothesized that the N-terminus 
of the upper peptide would induce higher reactivity to HA. 
In fact, antibodies specific to upper-N (ie, antibodies that 
were affinity-purified with upper peptide immobilized at 
the C-terminus) bound more strongly to the HA vaccine and 
to recombinant HA in antisera from aU and aU+L rabbits 
(Figures 4 and 5B). Furthermore, the antibody in the antisera 
of aU-2 rabbits reacted strongly to the U-D peptide, which 
corresponds to the C-terminus of the upper peptide, but did 
not react to HA (Figures 3A, 5A and 6A). This suggests that 
the two C-terminal amino acids of the upper peptide do not 
contribute to its ability to bind to HA. When the reactivity 
of different antisera to the N-terminus of the upper peptide 
was examined using the upper peptide immobilized at the 
C-terminus, the antibodies from aU+L rabbits reacted more 
strongly than antibodies from aU rabbits (Figure 2E and F). 
The higher reactivity of antibodies from aU+L rabbits to the 
N-terminus of the upper peptide was further confirmed by 
ELISA using 15-mer peptides (Figure 6). 

One possible explanation for the ability of immunization 
with both the upper and lower peptides to produce more HA- 
reactive antibodies than immunization with the upper peptide 
alone may be an effect of the lower peptide on the conforma- 
tion of the epitope region, particularly at the N-terminus of 
the upper peptide. As shown in Figures 3 and 5A, there was 
a strong antibody response in aU+L rabbits to both the HA 
vaccine and recombinant HA, whereas a response to recombi- 
nant HA in aU rabbits was weaker than that in aU+L rabbits. 
The upper peptide sequence in the vaccine preparation and in 
recombinant HA were identical, except at residue 186 (Val 
and Gly) at the C-terminus (Figure 5C); this residue was not 
thought to contribute to the HA binding ability of the antibody. 



These observations suggested that the difference of the anti- 
body response between the aU and aU+L rabbits resulted 
from the structure of the upper peptide N-terminal region. The 
affinity-purified antipeptide antibodies from aU+L rabbit anti- 
sera reacted better to recombinant HA than to antibodies from 
aU rabbit antisera (Figure 5B). This observation may reflect 
an induced fit between the conformation of the peptide and 
the antibody during the affinity purification step. The results 
obtained by ELISA using the HA vaccine as the antigen, and by 
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Figure 5 Binding affinities to recombinant HA, as determined by ELISA. 
Notes: The ability of antisera (A) and affinity-purified antibodies (B) to bind 
recombinant HA was determined by ELISA. Antisera and affinity-purified antibodies 
were diluted to 1 : 1 ,000 and to I jlg/mL, respectively. Experiments were carried out 
in duplicate and the results are presented as means (A). Experiments were carried 
out in triplicate and results are presented as means + SD (B). Individual rabbits are 
indicated by "- 1 " and "-2." Anti-upper-N or anti-upper-C antibody was produced by 
affinity- purified antisera with the upper peptide immobilized at the C-terminus or 
at the N-terminus, as described in Figure 4. Sequence comparison of the upper and 
lower peptide between NY, which was used as the source of recombinant HA, and 
Urg, which was used as the vaccine preparation (C). 

Abbreviations: aU, rabbit immunized with upper peptide alone; aL, rabbit 
immunized with lower peptide alone; aU+L, rabbit immunized with both the upper 
and lower peptides; n, number; Upper-C, C-terminal region of the upper peptide; 
Upper-N, N-terminal region of the upper peptide; SD, standard deviation; Urg, 
A/Uruguay/7 1 6/2007; NY, A/New York/55/2004; HA, influenza hemagglutinin; 
ELISA, enzyme-linked immunosorbent assay. 
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Figure 6 Binding activity of different rabbit antisera to 15-mer peptides within the upper and lower peptide regions of HA, as determined by ELISA. 

Notes: Antisera from immunized rabbits were diluted 1: 1, 000 for use in the assay. The binding activity of antisera from aU rabbits (A), al_ rabbits (B), and aU+L rabbits 
(C) was measured by ELISA. "U-A," "U-B," "U-C," and "U-D" are 1 5-mer peptides located within the upper peptide region of HA, and "L-A" and "L-B" are 1 5-mer peptides 
within the lower peptide region of HA, as described in Figure I . Experiments were carried out in triplicate and results are presented as means ± SD. 

Abbreviations: n, number; SD, standard deviation; HA, influenza hemagglutinin; ELISA, enzyme-linked immunosorbent assay; aU, rabbit immunized with upper peptide 
alone; aL, rabbit immunized with lower peptide alone; aU+L, rabbit immunized with both the upper and lower peptides. 



immunoblotting under reducing conditions, reflect the binding 
activity to denature HA rather than recombinant HA. These 
results suggest the possibility that an antibody recognizing 
the binding conformation of a protein could be induced by 
immunization with both the upper and lower peptides. 

Generally, it seems difficult to raise antibodies with VN 
activity from synthetic peptide immunization, as shown in a 
study where goats were immunized with an epitope-derived 
synthetic peptide against a rabies virus. 17 In this study, no 
neutralizing activity against the influenza virus could be 
detected in any of the immunized rabbits. This might indicate 
that the antigenic structures recognized by rabbit antipeptide 
antibodies in this study are different from those recognized 
by B- 1 , and further studies are necessary to identify peptide - 
based antigenic structures that can elicit strong neutralizing 
activity. In fact, an antibody derived from the antisera of an 
aU+L rabbit, which was affinity-purified using upper peptide 
immobilized at the C-terminus, was not competitive with the 
B-l monoclonal antibody in an ELISA-based binding assay 
using the HA vaccine (data not shown). 

In this study, we demonstrated that the immunization of 
rabbits with the upper peptide could induce the production of 
antibodies that bound to the native conformation of HA - an 
effect that was increased when rabbits were co-immunized 
with the lower peptide. This result is consistent with the 
observation that we have recently reported: a modified green 
fluorescent protein that residues derived from the upper 
region were introduced on its surface (3-strand, which was 
aimed at reproducing the original secondary structure of the 
epitope, showed an anti-influenza-virus immunogenic ity, and 
the lower-derived residues that were introduced additionally 
on its neighboring (3-strand enhanced the immunogenicity. 18 
However, neutralization activity could not be detected in the 



antisera of immunized rabbits, and the strong neutralizing 
activity might not be induced by KLH peptide conjugate 
in this study. Further studies are necessary to evaluate the 
induction of neutralizing activity, because strong neutralizing 
activity was detected in the sera of nonimmunized rabbits. 
Even though, IgG was purified from the sera of nonim- 
munized rabbits with Protein-G Sepharose®, nonspecific 
neutralizing factor could not be removed (data not shown). 
In vivo mouse infectious models of the influenza virus have 
been widely used, 19 and a preliminary study in mice showed 
that nonspecific neutralization of the influenza virus in sera 
from nonimmunized animals was weak compared with that 
of nonimmunized rabbits. To induce the strong neutralizing 
activity, the antigenic conformation might be important, 
and further study to optimize the conformation is necessary. 
Moreover, synthetic peptide antigens might show protective 
activity in vivo by a mechanism other than the neutralizing 
antibody; this hypothesis is currently being investigated in 
mice. 
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